An investigation was performed to develop appropriate techniques to design and fabricate (using complementary metaloxide semiconductor/micro-electro-mechanical systems technologies) highly stretchable networks of distributed sensors and organic diodes that could be stretched, and surface-mounted or embedded into polymeric materials to cover an area several orders of magnitude larger than its original size. Both analysis and experiments were performed to validate the design and fabrication methods. The techniques sought to reduce stresses due to network expansion, and a new spin-coated fabrication process was developed to enable high-resolution features in the network. Networks with temperature sensors and piezoelectric sensors were fabricated and tested to demonstrate functionality in advanced composite materials that are common in aircraft.
Introduction
Bio-inspired multifunctional structures that can carry mechanical loads as well as sensing the environments and diagnosing their health condition on a real-time basis are considered the next generation materials of the future. Unlike man-made structures, these biological structures can sense and respond to the change of environments to avoid unexpected failure. This is because the biological structures are equipped with massively distributed sensors in a network to sense and monitor the conditions of the structures. Without such a network, intelligence that includes sensing and diagnosis would not be possible. Therefore, to add any intelligent functionality to structures, a highly distributed sensor network is considered to be the first step.
Although sensors can now be made in nano-and micro-scales in a large volume through complementary metal-oxide semiconductor (CMOS)/micro-electromechanical systems (MEMS) process, 1 there are still limited techniques available to deploy and integrate those sensors into materials. 2 In most prior studies, sensors were installed individually into materials, or over small areas on the same order as the fabrication area. 3 SMART layer invented by Chang and Lin 4 circumvent this issue by deploying a network of piezoelectric disks on a flex circuit that can be monolithically installed into a structure. These systems have been used in health monitoring of composite structures once the layer is mounted on or embedded within the structure. However, the size of the layer is limited by the size of the polyimide films and bulk piezoceramics available from manufacturers. Stretchable sensor networks have been considered as an alternative approach to deploy a large number of sensors, fabricated into a network, to cover large structures. The ability to manufacture a sensor network that can be stretched and adapted to much larger areas (by orders of magnitude, for example, more than 10,000%) and embedded into materials could be of great interest for many applications ranging from aircraft and automobiles to buildings and appliances, and so on. [5] [6] [7] One strategy to achieve such a stretchable network is to deform bulk material. [8] [9] [10] [11] [12] [13] [14] This method is realized through transfer of thin-film devices onto pre-strained substrates, followed by a release of the strain in the bulk material. Unfortunately, this usually strains the devices as well as the substrate, and thus has limited stretchability (2%-3%) due to elastic-limit constraints on device substrates. An alternative strategy designed to circumvent these limitations involves the design of specialized structures tailored to stretching, such as the bridge electrode with device island structures. In the latter case, stretchability is confined to electrode components, while all devices and electronics are kept isolated on stiff interconnected islands. However, out-ofplane bridges [15] [16] [17] [18] [19] [20] have limited stretchability (10%-140%, linear) due to volume constraints, and they cannot be embedded into laminated composite materials, while in-plane bridges require even larger room for the bridge component. Silicon-based stretchable networks have shown promise. However, they have significant drawbacks due to the brittle and inflexible nature of the silicon substrate. 21 Wave-shaped bridges, based on soft materials such as polyimide, have recently been studied for making stretchable electronics, and so far up to 140% linear extension has been realized. [22] [23] [24] [25] Larger stretchabilities (200%-300%) on self-similar serpentine interconnects have also been reported. 26 However, the structure has limited capability to recover from the stretch.
The authors reported a highly stretchable network design that can be stretched by more than 1000% in a single direction. 8, 27, 28 The authors have previously reported on developing highly stretchable sensor networks through two-dimensional planar motion and integration of wiring, resistive temperature detectors (RTDs), and screen-printed piezoceramics into the networks. [29] [30] [31] [32] [33] [34] [35] [36] [37] However, those networks employed simple, direct wire addressing. In order to take advantage of the large number of sensor nodes, switching and onboard processing are also necessary. Therefore, the objective of this study is to further design the network to improve its performance and functionalize the network with sensors and diodes.
Integrated sensors with different functionalities are necessary to convert external stimuli into electrical signals, and those signals need to be transmitted through communication channels from the sensors to local or central processing units. There must be switching devices to accurately address sensor signals at different nodes. This is especially important when a network has a large number of sensors (e.g. thousands or millions). Sensor networks must also survive harsh manufacturing and service environments, such as exposure when surface mounted on structures or embedded into composite materials.
Problem statement
Develop design and processing methods based on nonstandard CMOS and MEMS technology to create stretchable network on polymer films with distributed sensors (RTDs, PZTs, and diodes) that can be stretched and then embedded into composite materials spanning an area several orders of magnitude greater than its original size.
Hence, to functionalize the network (1) the resistances of the stretchable wires should have no change after stretch; (2) the process to manufacture the network should be compatible with CMOS/MEMS process to enable the integration of micro-fabricated sensors and switches into the network; and (3) the network should functionalize properly when embedded in carbon fiber composite materials. This will require the network to survive in the composite curing process at 177°C (350°F) for several hours, and the network should have good insulation between the composite surroundings.
Methods of approach
To achieve the objectives, the method of approach involved the following key steps:
1. Improve the stretching performance of the sensor network A stretchable network platform is developed to reduce the strains induced by the stretching process and prevent out-of-plane deformations. This reduces the chance of failure during stretching and embedding into composite laminate materials. A three-dimensional finite element model is used to analyze stain distribution when the wire is stretched, and help analyze geometries for the stretchable platform.
2. Development of a robust manufacturing method for the stretchable sensor network A high-resolution fabrication method is developed to manufacture the stretchable sensor networks on spincoated polyimide substrate. RTDs, electrodes, organic diodes, and dielectrics are integrated into the network using nonstandard CMOS and MEMS processes. Networks with RTDs and PZTs are demonstrated for real-time distributed temperature sensing and impact detection.
Embedding the stretchable networks into carbon fiber composite materials
The stretchable network is designed to be electrically insulated, supporting embedding into conductive materials such as carbon fiber composites. Testing results show that the sensor networks containing sensors, wires, and organic diodes survived and were functional after experiencing the composite curing process at 177°C and 27 psi for 10 h.
Network design for reduced strain in stretching
Analysis of a node-wire unit. The general concept of the stretchable sensor network is shown in Figure 1 . A stretchable platform is created through etching through polyimide substrate to form the overall patterns. There are nodes to host sensors and switching electronics, and there is a spring-like stretchable wire to host electrodes, which served as the communication channel between sensor nodes. When the network is stretched, the deployment of the stretchable wires will cause the distance between two nodes to increase, and hence, the area of the network will expand. Denote L 0 as the center-to-center distance between two adjacent nodes before stretching, and L 1 the center-to-center distance after stretching. The stretch ratio is given by L 1 =L 0 .
The extension of the wire is mainly due to the rigidbody rotations of the straight segments. This is permitted by the in-plane rotation of the curved region connecting two adjacent straight segments. Previous work 27 indicated that when the ratio between the width (w) of the wire cross section and the thickness (t) of the substrate, w/t, is less than 1, unstable out-of-plane deformation modes could be avoided in the wire stretching process. However, due to fabrication resolution and application requirements, in many cases, the width of the wire needs to be greater than the substrate thickness (w/t . 1), as shown in Figure 2 (a), which results in out-of-plane deformations during the stretching process. Out-of-plane deformation makes it difficult to embed the stretchable network into laminated carbon fiber composite materials. Another issue associated with the wire design is the stretch-caused resistance change. When the wire is stretched, stress concentration happens at the inner side of the curved region, which might result in material failure or micro-cracks. The resistance changes of the wire before and after the stretch are not negligible. Those are not preferred when a stretchable network is in service.
One strategy to improve the stretchable wire design is to use several partitions to reduce the stiffness of the curved region by segmenting it into multiple sub-arcs, each with its own neutral axis and reduced thickness, as shown in Figure 2 (b). To further reduce the strain level caused by stretching, those sub concentric arcs with relatively smaller radius are removed from the geometry.
A node-wire unit with the transforming arc features is shown in Figure 3 . A spring-like wire between two nodes consists of 15 straight segments. Two adjacent straight segments are connected by a transforming arc. When the nodes are toggled to expand, the straight segments rotate around the transforming arc and cause the center-to-center distance between two nodes to increase. The cross-sectional width of the straight segment is W section = 0:0152 L 0 . In the transforming arc, the ratios between the sub-concentric arcs and W section are listed in Table 1 . In this case, the gap between two subconcentric arcs is w gap = 0:047W section . For all the transforming arcs, the radius of the outmost arc is R = 2:5W section .
Finite element model and analysis. When a network is stretched, the node-wire unit experiences large deformation and small local strain. A three-dimensional finite element model (ABAQUS) was created to analyze the stretching process of a node-wire unit. C3D8R elements and explicit analysis steps were used to study the strain distribution under quasi-static unidirectional displacement increments. As shown in Figure 4 , the left node is fixed at the center. A displacement u is applied horizontally at the center of the right node. In the simulation, u increased from u = 0 to u = 10L 0 , and hence, the associated stretch ratio L=L 0 increased from 1 to 11. At 23°C, the thickness of the polyimide film (DuPont KaptonÒHN) is t. In the simulation, L 0 =t = 294:56. The elastic-plastic material properties are extracted from the DuPont KaptonÒHN film data sheet, as shown in Table 2 .
When stretch proceeds, the simulated maximum principal strain results are listed in Table 3 .
The simulated results of the node-wire unit under selected stretch steps 0-4 are shown in Figure 5 , where step 0 indicates the initial pre-stretch configuration. Figure 7 plots the maximum principal strain of the node-wire unit as a function of the stretch ratio (L=L 0 ). The extension process of the node-wire unit has two main phases:
Phase 1 includes steps 0 through 2. Here, the slopes of the strain and stretch ratio curve increase slowly. In this phase, the node-wire unit is stretched primarily due to the rigid-body rotation of the straight segments, and this is initiated by the deployment of the transforming arcs. As shown in Figure 6 (a) and (b), the gaps between the sub-concentric arcs become increasingly more pronounced as the unit is pulled. This leads to an increase in the angle between adjacent straight segments. As shown in Figure 6 , the rotation of the straight segments from the near-vertical direction to the horizontal direction greatly enlarges inter-nodal separation. Hence, the stretch ratio is increased rapidly (.1000% by the end of step 2), and the localized strain grows very slowly (\0.07%, shown in Figure 7 ). Upon completion of step 2, the transforming arcs are fully deployed, and all straight segments align. Phase 2 starts from the end of step 2, and includes steps 3 and 4. In this phase, the slopes of the maximum principal strain and stretch ratio curve increase rapidly. As all straight segments lie along the same axis, no further extension can be gained by rotation. Hence, remaining additional stretch is mainly generated by the extension of the transforming arcs, as shown in steps 2 through 4 in Figures 5 and 6 . Thus, the localized strain rises sharply beyond step 2 ( Figure 7 ). As a result, the end of step 2 is a desirable point to terminate the stretching process. At the end of step 2 and beginning of step 3, the bridge electrode achieves a stretch ratio of 1057% with a maximum principal strain of only 0.064%, a Table 3 . Simulated maximum principal strain when stretch a node-wire unit. value well below the failure point of the polyimide substrate and the supported thin-film electrodes.
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Electrical resistance of a node-wire unit. The conductive paths on the stretchable wires serve as communication channels. The unique design of the interconnect resulted in very limited local strain even at full stretch (at 1057% stretch ratio) as described in the previous sections. This has the dual purpose of reducing the resistance change of the conductive channels during the extension process. To validate this property, a 20/2000-Å Cr/Au layer was deposited on top of the polyimide substrate. The node-wire structure was fabricated through a plasma etching process (see sub-section ''Network fabrication'' in section ''Stretchable temperature sensor network for surface-mounted distributed temperature measurement'' of Appendix 1). Five nodewire units were randomly selected from fabricated samples. For each, the electrical resistance between two nodes was measured before and after the wire was fully extended (up through the end of step 2 in Figure 5 ). Results are reported in Table 4 . As shown, results reveal that the average electrical resistance change was only around 0.26%, leading to the conclusion that conductive channel resistances are relatively insensitive to network stretch (0.26% resistance change compared with 1057% stretch ratio), an important feature critical to the robust performance and efficiency of the sensor network.
A comparison between some of the mechanical and electrical properties between the new and previous node-wire unit design 27 is shown in Table 5 (comparisons are performed at the same stretch ratio L=L 0 = 10). We note that with the new node-wire unit design, at the same stretch ratio, the wire experiences much less local strain (maximum principle strain), and much less relative resistance change.
High-resolution manufacturing process for polyimidebased stretchable sensor network There are two main aspects to improve on microfabrication capabilities for making a stretchable sensor network. The first is sensor density (e.g. hundreds of sensor nodes on a 100-mm diameter wafer). Making sensors and devices smaller allows for more to fit in the same area. This is mainly limited by the minimum feature size and lithography resolution capabilities. The other factor is multi-layer integration complexity, requiring good alignment accuracy (e.g. 1 mm) to form highly integrated components.
Prior stretchable networks were fabricated from freestanding polyimide film, such as KaptonÒHN. 27 While functional, these films created processing complications due to surface flaws and the need to bond them to a carrier wafer, which resulted in trapped gas bubbles, thermal expansion issues, and out-of-plane deformations. These issues prevented high-resolution processing with problems outlined below:
1. Low lithography resolution. The features of sensors, switches, and other micro-structures need to be exposed on the polyimide substrate through photolithography, and the resolution of photolithography is directly affected by the surface flatness of the substrate and proximity of the mask. We were unable to achieve resolutions better than 4 mm on freestanding sheets. 2. Low alignment accuracy. Networks of sensors and devices are usually composed of multiple layers with different features. These layers must be aligned with each other for the network to function. However, due to significant thermal expansion of the freestanding polyimide and the trapped air bubbles underneath the film, the best alignment accuracy achieved was around 20-30 mm. This greatly limits the size of devices that can be fabricated on the polyimide substrate. In addition, the performance variation of devices across the wafer is large. 3. Low process temperature tolerance. Photoresist, used as the adhesive between the freestanding polyimide and the carrier wafer, melts at temperatures Figure 7 . Maximum principal strain-stretch ratio curve of the node-wire unit. above 150°C. It cannot hold freestanding polyimide when process temperature is higher than 150°C. 4. Debonding from the supporting wafer. Exposure to developers and solvents will dissolve the photoresist layer, which will cause the polyimide sheet to debond from the supporting wafer. 5. Surface defects. A freestanding polyimide sheet usually has many surface defects and scratches, which occur in manufacturing, delivery, or processing. Those defects might affect the device layer quality such as causing failure of dielectrics.
In this research, a high-resolution process is developed to fabricate high-quality stretchable sensor networks with sensors, dielectrics, electrodes, and switching devices based on spin-coated-on polyimide. This method utilizes the state-of-the-art lithography tool ASML 5:1 stepper to define feature patterns of the stretchable sensor network. The process, illustrated in Figure 8 , is outlined below:
1. Start with a carrier wafer; 2. Apply a release layer; 3. Spin coat liquid polyimide to form the network substrate; 4. Integrate sensors, electrodes, dielectrics, and switches through direct deposition or a transfer process; 10 5. Etch through the substrate to form a stretchable network pattern; Figure 8 . Process flow to fabricate highly stretchable sensor networks based on spin-coated polyimide: (a) prepare carrier wafer, (b) spin coat liquid polyimide layer, (c) cure polyimide layer to form network substrate, (d) integrate sensor, electrodes, dielectrics, and switches, (e) dry etch to form stretchable network pattern, and (f) release the network from carrier wafer.
6. Release the network from the carrier wafer.
This process is based on spin-coated-on polyimide substrate, which is well bonded to the carrier wafer providing a very flat substrate. This enables the utilization of ASML 5:1 stepper as the lithography exposure tool to pattern each of the layers, enabling key feature size and alignment accuracy of less than 1 mm. This process flow eliminates the difficulties of handling freestanding polyimide films in the micro-fabrication process, and greatly improves the lithography and alignment accuracy from 20 mm to sub-micron.
According to materials and structure properties, appropriate methods could be used to integrate electrodes, dielectrics, and switching devices into the network. Thin-film metal layers, such as electrodes, RTDs, and organic thin-film devices (organic thin film diodes), can be directly evaporated onto the network substrate. Dielectric layers can be formed by spin coating additional polyimide layers on the substrate. Figure 9 shows an RTD fabricated through this highresolution process on a polyimide substrate. The RTD consists of 3-mm-pitched gratings of thin-film platinum. If there is a single break point on any of the grating traces, the RTD will not function. As can be seen from the figure, the RTD is conductive and has linear I-V curve. Figure 10 shows the deformation properties of the transforming arcs fabricated through the highresolution process.
Three-channel stretchable wire. Taking advantage of the stretchable wire design, a single stretchable wire with three communication channels has been achieved. As shown in Figure 11 , separations are created to divide the electrode into three insulated conductive channels. This enhances the ability of the network to host larger numbers of sensors and microelectronic devices. Additionally, due to the global symmetric geometry, channel 1 and channel 3 have matching resistances (Figure 12 ), providing matching parasitic resistances in the overall network circuitry. Due to the partition, the surface area of each individual channel is less than the wire with only one communication channel. Hence, the resistance of each channel is higher. One way to compensate for this could be to increase the metal layer thickness, and hence, the cross-sectional area will increase, resulting in lower resistance. The I-V curves of each channel are compared before and after wire extension (with 1057% stretch ratio), and as can be seen the curves are not sensitive to the stretch. In addition, currents are measured while voltages are applied between each two of the three conductive channels to inspect for leakage and shorts. As shown in Figure 13 , good insulation is achieved between different channels.
A prototype stretchable network with 169 nodes (13 rows and 13 columns) was fabricated and stretched based on the preceding designs, as shown in Figures 14  and 15 .
Surface-mounted sensing: a stretchable temperature sensor network for distributed temperature measurement is shown in Figure 16 . The network can be extended from a planar sheet at wafer-scale to cover and adapt to much broader surface areas. As illustrated in Figure 16 , after the sensor network is stretched, the coverage area of the 16 sensor nodes has been expanded to 11,172% of its original area. Each stretchable bridge electrode is stretched by up to 1057% of its original length ( Figure  17 ), as measured by the center-to-center distance between adjacent nodes. Serving as communication channels of the sensor network, the stretchable electrodes are still conductive even after the large expansion. The interconnections were designed, as previously discussed, such that any stretch-induced out-of-plane deformations are negligible, allowing the network to be adapted closely and accurately to flat surfaces, such as a glass plate (Figures 16 and 17 ), or to curved surfaces, such as a curled polyethylene terephthalate (PET) film (Figure 18 ).
Resistance temperature detectors (RTDs) were fabricated directly onto the 4 3 4 network as shown in Figure 19 , to measure distributed temperature (see the fabrication section). Thin-film platinum was used as an RTD due to its predictable linear resistance change across a wide range of temperatures (2200°C to 650°C) and its strong anti-corrosive properties against many acids. Each RTD sensor is designed so that its electric resistance is much larger than the conductive channel resistance. Hence, when temperature changes, the conductive channel resistance change can be ignored compared to the RTD resistance change. At 20°C, platinum has 10.5 mO-cm resistivity. Each RTD is designed into pitched platinum wires with a 10-mm gap between each other, and each straight section is 10-mm wide and 6129-mm long (Figure 19(c) ). The thickness of an RTD sensor is 300 Å and its electrical resistance at 20°C is 21 kO, which is much larger than the average wire resistance (316.4 O; Table 4) The sensor network is stretched (see section ''Stretch a sensor network'' in Appendix 1 for the stretch process) and installed on a square Teflon sheet (Figure 20 
Embedded sensing: a fiberglass composite panel with integrated RTD-PZT sensor network
Utilizing the stretchable wire design, both RTD sensors and commercial lead zirconate titanate piezoceramic transducers (PZTs) were integrated in the same network, and the network was integrated into fiberglass composite materials to create a smart composite panel, which could sense temperature distribution and identify local impacts, as illustrated in Figure 21 .
The unstretched network carrying nine RTD sensor nodes and nine PZT sensor nodes is shown in Figure  22 . Each node is 3 mm 3 3 mm, and a stretchable wire is connected with two adjacent nodes with initial distance of 7.89 mm. The network is stretched in both x and y directions 1000% of its original length, as shown in Figure 23 . The stretched network is supported on a square frame. After stretch, the area covered by the network is increased by 10,000%. Each RTD sensor is evaporated in the same way as the RTD sensor mentioned in the fabrication section. There are nine PZT sensors installed on the network. On each PZT node, a 1/8-inch PZT disk is attached on the gold electrodes through a 5-mm conductive epoxy layer on both the top and the bottom sides.
The stretched network was then embedded in fiberglass composite materials (see section ''Embedded sensing: a fiberglass composite panel with integrated RTD-PZT sensor network'' in Appendix 1 for the integration process.) The circuit design and test system are illustrated in the appendix. As shown in Figure 24 , there are nine distributed temperature sensors to monitor the local temperature value in real time, and the nine PZT sensors were able to detect an impact to the nearby area ( Figure 25 ). 
Integration of organic thin-film diodes into the network as switching devices
The ability to integrate thin-film switching devices into the material system is very important to achieve the multifunctional sensing capabilities; this is especially true as these systems progress to include thousands or millions of sensors. However, technical challenges rise in two aspects. The first challenge is the integration of thin-film switches into polyimide-based stretchable sensor network through CMOS/MEMS process. The second challenge is how to integrate the sensor network into carbon fiber composite materials and ensure proper functionalities.
The stretched sensor network had to be very thin and placed between laminated carbon fiber composite layers. The laminated carbon fiber composite material was vacuum-bagged and cured at a typical temperature of 177°C and pressure of 27 psi with a process time of 10 h. In this process, all the devices and electronics need to survive. In addition, carbon fiber composite material itself is electrically conductive. As a tightly embedded sensor network, good insulation between the sensor network and the composite panel is essential to guarantee that the sensor network has the right functionalities.
The survival of the stretchable network after it was embedded into carbon fiber composite materials was Figure 25 . Demonstration of the fiberglass composite panel with RTD-PZT sensor network for impact detection. PZT sensor node 8 was tapped, and the computer display shows that impact is applied on node 8. Figure 24 . Demonstration of the temperature measurement capability of the fiberglass composite panel with embedded RTD-PZT sensor network. Two heated metal blocks are placed on RTD nodes 2 and 6. The temperature display panel on the right shows that nodes 2 and 6 have higher temperature at around 50°C, while the other nodes are reading room temperature.
validated. As shown in Figure 26 , the organic thin-film diodes were still functional after being embedded in carbon fiber composite materials with the stretchable network. 42 
Conclusion
In this article, a super stretchy platform was designed. The network was based on a polyimide substrate and employed super stretchy bridge electrodes with significantly improved mechanical and electrical properties over existing designs. Each bridge electrode can be stretched by more than 1000% of its original length, while limiting the local stretch-induced strain to only 0.064% and the resistance change to less than 0.23%. The end result was a sensor network whose total coverage area was increased by more than 10,000% at full expansion. The network had negligible out-of-plane deformation, and all electrodes remained in the original plane without warping; hence, the stretched network could be conformed to any smooth curved surface and easily embedded into laminated composite materials. To implement the functionalities of the network, a high-resolution (sub-micro-resolution and alignment accuracy on polyimide) fabrication process flow was developed for the fabrication of stretchable sensor networks on liquid polyimide substrate. This process flow was compatible with sensor, electrode, dielectric, and switching device integration, and had a resolution of up to sub-micron. The functionalities of the super stretchy network are demonstrated using both a surfacemounted temperature sensor network and an embedded sensor network with an integrated mixture of thermal and impact sensors. The network exhibits high stretchability while maintaining proper functionalities. 
Appendix 1
Stretchable temperature sensor network for surface-mounted distributed temperature measurement Circuit design. An interface circuit based on a voltage divider is used to monitor temperature changes seen by RTD sensors. As shown in Figure 27 , a temperaturesensitive voltage is generated on the low-temperature coefficient of resistance (TCR) resistor, and it is given by
where R RTD is the resistance of RTD, and R M is the resistance of the low TCR resistor. The change of R M due to temperature change can be ignored. Thus, V OUT is a function of temperature, which causes the change of R RTD . Therefore, the current temperature is obtained by capturing V OUT and analyzing it with the given temperature change information. Figure 28 shows the circuits of a two-dimensional stretchable sensor network with 16 (4 3 4) RTD sensors for distributed temperature measurement. The voltage-dividing scheme is introduced to signal the temperature information from RTDs to the supervising entity micro-controller (MC). Diode-based switches are implemented so as to properly turn on and off a specific sensor of all sensors over the two-dimensional network each time for data acquisition. A sampling frequency of 1.5 kHz can be achieved by engineering parameters of resistances and capacitances of the circuitry.
Network fabrication. A fabrication process has been developed to fabricate the temperature sensor network based on a freestanding polyimide film in Stanford Nanofabrication Facility (SNF). The process follows:
1. A 2-mil Kapton E film is cut to fit a 4-inch wafer.
Then, it is cleaned ultrasonically in acetone for 10 min and in methanol for 10 min to remove any particles. Next, the cleaned film is gently dried in nitrogen gas. The cleaned film is annealed in a 260°C oven for 2 h, and then cooled down at room temperature to release any residual stress. After annealing, the Kapton film is bonded on top of an unpolished wafer surface with two small pieces of Kapton tape. Then, the following processes are done to the film bonded on the wafer. 2. Photolithography is used to pattern the RTD pattern on a 1.0-mm positive photoresist layer. Then, 600-Å platinum is deposited on the specimen surface using e-beam deposition. A lift-off process is performed using acetone leaving behind the patterned platinum RTD layer. 3. A method similar to the one in step 2 is used to create both the bottom and top electrodes. However, instead of platinum, a 300-Å gold layer with a 20-Å chromium bonding layer between the gold and Kapton film is patterned to form the bottom electrodes. A 2000-Å gold layer with 100-Å chromium bonding layer between the gold and Kapton film is patterned to form the top electrodes. 4. A photo definable liquid polyimide is used to form the dielectric layer between the bottom and the top electrodes. A liquid polyimide layer (a volume mixture of PI2545:T9039 = 2:1) is spin coated at 3000 r/min for 30 s. After spin coating, the sample is immediately baked at 140°C on a hotplate for 10 min, and then shifted to a 110°C oven to bake for 1 h. Lithography is used to define the polyimide dielectric layer's shape. The sample is then immersed in methyl isobutyl ketone for 5 min to remove any residual photoresist. The Kapton film is gently dried via nitrogen gas. The sample is baked in a 260°C oven for 3 h to dry the dielectric layer completely. This is called the hard bake process. 5. A 1.0-mm aluminum layer is deposited on the sample surface. Lithography is used to define the aluminum pattern on a 1.0-mm photoresist layer. The sample is then immersed into a 40°C aluminum etchant for about 3 min to etch away any unprotected aluminum layer. Next, the sample is rinsed with deionized (DI) water to remove any remaining aluminum etchant. This step creates an oxygen plasma etching-protection mask. 6. Using the aluminum layer defined in step 5 as the etching mask, any unprotected Kapton film is etched away by oxygen plasma.
7.
The sample is then immersed in aluminum etchant to etch away any remaining aluminum mask. After rinsing away any remaining aluminum etchant, the sample is then baked on a 115°C hotplate until completely dried. The fabrication of the temperature sensor network is finished.
The photolithography pattern for this sensor network is shown in supplementary Figure 29 . After fabrication, a stretchable sensor network with 4 3 4 RTD sensors is shown in supplementary Figure 30 .
Diagnostic algorithm and demonstration. As shown in supplementary Figure 31 , an RTD and switching diode pair is located on each node of the stretchable network. The low TCR resistors are placed on the same node as the MC is placed on. Multiple sensors in the same row share each low TCR resistor. Setting VDD/GND configuration of the network operates one RTD sensor at a time. For example, the sensor of the node on the first row and the second column (annotate node 2 in this example) is turned on since the diode it pairs with is forward biased and all the other diodes in the network are reversely biased. If the temperature of node 2 changes, the corresponding V OUT varies. Then, an analog-todigital convertor (ADC) circuit in the MC captures this V OUT and extrapolates the temperature of node 2 from a look-up table containing the temperature-voltage relation of all nodes. Supplementary Figure 32 shows .0 Å /s for gold) on the specimen surface through e-beam evaporation at 5e-7 torr pressure. A lift-off process is performed using acetone leaving behind the patterned gold electrode layer. 5. Plasma etch mask: 400/10,000/6 Å titanium/aluminum/titanium layers are deposited (1 Å /s for the first titanium layer, 7 Å /s for aluminum layer, and 0.1 Å /s for the top titanium layer) on the sample surface through e-beam evaporation at 5e-7 torr pressure. Lithography is used to define the etching mask pattern on a 1.0-mm photoresist layer. The sample is then immersed into a 40°C aluminum etchant for about 3 min to etch away any unprotected aluminum/titanium layers. Next, the sample is rinsed with DI water to remove any remaining aluminum etchant. This step creates an oxygen plasma etching-protection mask. 6. Using the etching mask created in the previous step, any unprotected polyimide layer is etched away by oxygen plasma for 8 h (DRIE, at 5.6 mtorr, 15 sccm oxygen flow, and 750 watt power). 7. The sample is then immersed in concentrated hydrofluoric acid (49% HF) for 1 h. During that time, the network is released from the supporting wafer, and the etching mask is removed by hydrofluoric acid. The released network is then rinsed by DI water to completely remove remaining hydrofluoric acid and is baked dry on hotplate.
Embed the stretchable RTD-PZT network into fiberglass composite materials and demonstration. The stretched network is then embedded in fiberglass composite materials. Figure 33 shows the process. A bottom fiberglass composite substrate is built through uniformly applying epoxy (mixer of 105 Epoxy Resin and 207 Hardener, 3:1 by volume measure, WEST SYSTEM) on two layers of fiberglass cloth (Biaxial Fabric Fiberglass Cloth, WEST SYSTEM). After 15-h room dry, the resin is cured. Then, the stretched RTD-PZT sensor network with the supporting frame is transferred onto the cured fiberglass composite substrate layer. The boundary nodes are gently detached from the supporting frame and attached onto the composite substrate by Kapton adhesive tape. After that, the supporting frame can be removed from the composite. The interconnection nodes on the boundary of the network are connected to ribbon cables with conductive epoxy (CW 2400, CircuitWorks). Finally, apply a layer of the fiberglass cloth on top of the stretched sensor network, and then gently apply epoxy layer uniformly on the cloth layer, ensuring the epoxy are penetrating into the pores of the fiberglass cloth. The panel is then left at room temperature for 15 h, for the epoxy to be cured. After the top layer of epoxy is completely cured, the fiberglass composite panel with integrated RTD-PTZ sensor network is formed (Figure 34 ).
Circuit design and demonstration system configuration. The circuit schematic of the network is shown in Figure 35 . A voltage divider circuit is used to measure the RTD Figure 33 . The process to integrate stretchable RTD-PZT sensor network into fiberglass composite materials: (a) substrate panel preparation, (b) transfer the stretched sensor network onto the substrate surface through the supporting frame, (c) remove the supporting frame and leave the network on the substrate fiberglass composite, (d) apply connection cables to each of the boundary interconnection nodes, and (e) apply top fiberglass layers with epoxy. After the top layer is dry, the RTD-PZT sensor network is embedded in the fiberglass composite panel.
resistance change due to temperature change. Each RTD sensor is connected in series with a 5000-O reference resistor. With 5-V input voltage applied on the voltage divider, the output voltage on the reference resistor is read by a National Instruments SCB-100 data acquisition box ( Figure 36 ) and is converted to digital signal for the computer. A LabVIEW interface is designed to calibrate and display the temperature reading of each RTD sensor (Figure 36 ). The PZT sensors are connected to the input channels of a Scan Genie system (Acellent Technologies, Inc., CA, USA). As shown in Figure 25 , when one PZT (node 8) is taped, the small vibration will trigger the PZT to generate a voltage signal, which is detected. 43, 44 A threshold is set such that the software outputs a binary. It is to be noted that other PZT nodes will also pick up signals, but since they are weaker, node 8 is identified as the node being taped. In this way, the system can tell which PZT sensor is taped or knocked.
